An analysis of the various parts of the electrical responses to the chemical and electrical stimulation of a single labellar chemosensory hair of the blowfly, Pkormia regina, indicates that the recording conditions for the spike potentials approximate the intracellular recordings made in other types of sense cells. The large positive resting potential probably arises from the basement membrane of the hypodermal cells and neurilemma rather than from the neurons at the base of the chemosensory hair. The responses to polarizing currents passed through single chemosensory hairs support this analysis. The behavioral responses to similar polarizing currents are shown to result from the action of the current on the neurons at the bases of the adjacent chemosensory hairs. The reported neural interaction of the two chemosensory neurons associated with the chemosensory hair is probably due to the physical-chemical attributes of the stimulating solution rather than to any real neural interaction. Observations on the latency of the initial nerve impulse in response to chemical stimulation indicate that the chemosensory neurons are normally free from spontaneous spike activity.
INTRODUCTION
Electrical stimulation of a single labellar chemosensory hair of the blowfly Pkormia regina can elicit a positive feeding response. Arab (1958) has recently investigated the polarity and, within a rather wide range, the voltages required to produce proboscis extension. His study also included experiments in which acceptable and unacceptable chemical stimuli were presented to a single hair in conjunction with electrical stimulation of that same hair. Arab (1958) found that the normal behavioral response to any chemical stimulus, be it either acceptable or unacceptable, could be altered by the simultaneous application of an electrical stimulus of the proper polarity and strength. In this manner the fly could be made to reject normally acceptable sugar solu-tions and to accept normally rejected salt solutions. Anodal current (the tip of the hair positive with respect to the base) caused rejection of sugar solutions; cathodal current caused acceptance of salt solutions. Arab (1958) suggested that his experiments be compared with those on concurrent action of light and electrical current on the photoreceptors in the Lim~dus eye by MacNichol, Wagner, and Hartline (1953) , and Hartline, Coulter, and Wagner (1952) . In these experiments current was passed through the Limulus eye in two ways. In the first method a large surface electrode was placed over the cornea and another at the rear of the retina. The frequency of single cell discharges was increased as the result of electrical stimulation when the cornea was made negative with respect to the back of the eye. In the second method a saline-fiUed micropipette was inserted into the cell responsible for the spike activity. Passage of current between this electrode and a large external electrode located on the rear of the retina elicited neural responses when the intracellular electrode was positive. Thus, with reference to an electrode at the rear of the eye, cathodal current was excitatory when applied to the cornea while anodal current was excitatory when applied intracellularly. The intracellular electrode also recorded spike potentials whose initial deflection was positive.
The histology of the labellar chemosensory hairs has been described previously (Dethier, 1955; Dethier and Wolbarsht, 1956 ). There is a sac of five cells at the base of each hair. The sac is surrounded by a basement membrane as shown in Fig. 1 . Two of these ceils, the trichogen or hair-forming cell and the tormogen or socket cell are non-nervous and are not shown in Fig. 1 . The other three ceUs are bipolar neurons. The distal process of one of these neurons seems to terminate on the socket of the hair; the distal processes of the other two neurons enter the lumen of the hair and terminate in a small papilla at the tip of the hair. A hydrophobic wax covers the hair except in the region of the papilla.
Recordings have been made from single labellar hairs in Phormia with an electrode configuration comparable to that used by Arab (1958) in administering electrical stimulation. In these recordings the electrode at the tip of the hair shows the initial deflection of the spike to be positive. This suggests that these recording conditions, and hence Arab's stimulating conditions, are analogous to the intracellular electrode situation described in the Limulus eye. We would therefore expect that anodal current would be excitatory, in contrast to the cathodal current that Arab found to be excitatory.
The present study was undertaken in an attempt to correlate the electrophysiological data described above with the known behavioral responses of the fly to electrical stimulation of single labellar hairs. In order to accomplish this correlation a detailed investigation of the normal electrical response to chemical stimulation of the hair was first done. This phase of the study in-cluded measurements of the resting potentials and resistances of the various parts of the circuit. The latencies and interactions of the neurons in response to chemical stimulation were also studied.
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Materials and Methods
All the experiments described here were performed on Phormia regina Meigen, which were raised in the laboratory. The usual recording technique has been described previously (Wolbarsht and Dethier, 1958) . A 50/~ glass capillary filled with either 0.01 • NaC1 or 0.01 KC1 had the tip of the chemosensory hair inserted into it. The other end of the fluid column in that capillary was in constant contact with a large silver chloride--coated silver surface which was also connected to the input grid of the preamplifier. The "indifferent" electrode was identical in construction with the recording electrode except that its tip diameter was 500 #. This electrode was inserted into the amputated whole head through the esophageal opening or into the proximal end of the amputated proboscis. The potentials recorded in either fashion were identical so it was concluded that the indifferent electrode was quite distant from the sources of the potentials observed and that it was in fact an indifferent electrode. This recording situation is shown diagrammatically in Fig. i . The recording electrode is I and the indifferent electrode is 3.
Potentials existing between the two electrodes were amplified by a negative capacitance preamplifier of the MacNichol-Wagner type (MacNiehol and Wagner, 1954) . A bridge circuit similar to those used by MacNichol, Wagner, and Hartline (1953) , and Frank and Fuortes (1955) , was inserted into the amplifier input. This circuit, as diagrammed in Fig. 2 , allowed polarizing currents to be passed through the two electrodes.
When ~,,-~k = ~_~ then V, the signal voltage, is0 for any E, or polarizing voltage. of RB by this method is equal to the ratio of R~ to 101° ohms. This error in the cases we are interested in was never more than 5 per cent. Occasionally single hairs adjacent to the one being recorded from were polarized through a similar electrode placed over the tip of the hair and the use of a similar polarizing circuit. With reference to Fig. 1 , the polarizing electrodes are 1 and 3 and the recording electrodes 2 and 3.
The output of the preamplifier was monitored by both A.C. and D.C. preamplifiers, allowing simultaneous measurements to be made of small spike potentials and large slow potentials.
These potentials were photographed directly from the screen of a switched beam cathode ray tube.
RESULTS
The set of records in During this phase the resting potential is zero, the resistance between the electrodes is much higher than 10 l° ohms, and no spike activity is seen. When the electrode makes contact with the permeable tip of the hair, the resting potential immediately changes to 468 mv and stays there without any fluctuations larger than a millivolt. At this time the resistance drops to about 6 megohms. Spike activity begins after a latency of 0.02 second.
Most of the hairs tested were similar in all respects to the one just describe. The resting potential was usually between 50 and 70 inv. A few hairs had resting potentials as high as 90 mv. No correlation between resting potential and spike activity could be seen--vigorous spike discharges could occur with either high or low resting potentials, and both high and low resting potentials did occur without accompanying spike activity. The resistance varied from 20 to 80 megohms in active hairs.
The large change in the resting potential when the electrode came in contact with the permeable tip of the hair usually blocked the A.c. amplifier and made observations on the latency of the first few spike discharges impossible. The blocked time of the A. C. amplifier was reduced by applying a bucking potential between the two electrodes through the preparation. If the bucking potential was of the opposite polarity and identical in magnitude to the resting potential, then no shift of the base line was seen when the tip of the hair was touched by the recording electrode. In practice the bucking potential could not be made identical with the resting potential but close enough approximations were obtained to reduce the blocked time to 4 msec. or less. Under these conditions the latency of the first few spikes could be studied in detail.
Impulses were never seen before 20 msec. and the most usual time was 25 msec. The latency of the first impulse was rarely longer than 30 msec. Since the time between the first two impulses was from 5 to 10 msec., it is quite unlikely that any spike occurred during the first 4 msec. after the application of the test solution to the tip of the hair. The long latency would seem to indicate that in the unstimulated condition, the neurons are not discharging any impulses.
Hairs which gave no spike activity under any type of stimulation--chemical, mechanical, or electrical--had much the same resting potentials, and their resistances were usually 20 megohms or a little higher
The spike responses can be seen in more detail in Fig. 3 B and C. The larger of the two chemically evoked spikes, the "L" spike, was quite constant in size. It was from 250 to 300 my. in amplitude and changes in either resting potential or resistance did not seem to affect its magnitude. The mechanically evoked spikes, marked "M" in Fig. 3 C were quite variable in size (Wolbarsht and Dethier, 1958) . The "S" spike was not always reliably different in size from the L spike, but when different it was always smaller, and was quite often about half the size of the L spike. Both the L and S spikes are quite diphasic in character; the M spike less so. The M spike always has a longer duration than the L and S spikes, which appear to have almost identical time courses. All three spikes indicate an increased positivity at the tip of the hair. This is in contrast to the results of Hodgson and Roeder (1956) who found that the spikes represented an initial increase in negativity at the tip of the hair with reference to the base of the hair. It is of interest to note that Morita et al. (1957) recording in a similar fashion from the chemosensory hairs on the leg of the butterfly, Vanessa indica, found spike activity similar to that which we have seen, namely that the initial phase of the spike potential is an increase in positivity of the tip of the hair with respect to the base.
The question of whether there is any interaction between the various neurons is a complex one. Hodgson (1957) has reported that the spike activity of the L fiber is depressed in the presence of sugars. He observed that the addition of ])-fructose or D-ribose to a NaC1 solution gave a mixture which was less stimulating to the L fiber than the NaC1 solution itself. This depression in activity of L fiber was not always accompanied by an increase in the activity of the S fiber. I)-ribose, 2-desoxyribose, and D-lyxose in particular were sugars which markedly depressed the activity of the S fiber. Hodgson interprets these data as showing a direct inhibitory effect of the S neuron on the L neuron. A more reasonable interpretation is that the activity of the L fiber is not related to the activity of the S fiber and depends only on the character of the stimulating solution. The basis for this position is twofold: (1) The spike activity in the L fiber can be depressed without a concurrent modification in the spike activity of the S fiber. (2) A salt-sugar mixture will differ in several of its physical-chemical properties from the plain salt solution, and these differences seem sufficient to account for the modification in the activity of the L fiber when sugars are present in the stimulating solution. A consideration of these differences will indicate how the presence of sugar in a solution could render the salt less effective in stimulating the L fiber. At least three qualities of the solution are important in this respect: the thermodynamic activity coefficient of the salt; the diffusion coefficient of the salt; and the presence of components--in this case sugar--which might block receptor sites where the salt acts to stimulate the L neuron.
The thermodynamic activity coefficient of the salt is dependent upon the dielectric constant of the solvent. The change in activity coefficient of a salt solution due to the addition of sugar can be calculated roughly from the fol-lowing relationship derived from the Debye-Httcke! equation (Harned and Owen, 1943) . It is assumed for the purpose of this calculation that the ionization constant of the salt remains unchanged --log f, = LDd log f0 in which f0 and f, are the mean activity coefficients of the salt in the salt and salt-sugar solutions respectively. Do and D~ are the dielectric constants of the solvent, Do being pure H20, D, being the sugar-H~O mixture. In the case of 0.1 ~ NaCI solution at 25°C. the activity coefficient of the NaCI is 0.778. In a 0.1 M NaC1 + 0.2 M sucrose solution, the activity coefficient of the NaC1 is 0.759. This is a change of only 21/~ per cent, but higher sugar concentrations produce much more marked changes. In 0.1 ~ NaCI + 1.0 M sucrose solution the activity coefficient of the NaC1 is 0.590--a change of 25 per cent.
The diffusion coefficient of salt is changed quite markedly by the addition of sugar. This change is almost proportional to the inverse change in the macroscopic viscosity of the solution for sugar concentrations up to two molar (Harned and Owen, 1943) , which is much more concentrated than those solutions that Hodgson (1957) used. The diffusion coefficient of the NaCI in a 0.1 M NaCI + 0.2 M sucrose is about 28 per cent lower than that of NaC1 in a 0.1 M NaCI solution. Higher concentrations of sugar are even more effective in lowering the diffusion coefficient. 1.0 M sucrose depresses the diffusion coefficient 67 per cent.
All the measurements of the chemoreceptor responses that Hodgson (1957) made were during the steady state conditions. Under these conditions the diffusion coefficient of the stimulating chemical would be important because the concentration about the tip of the hair would be constantly depleted as the stimulating chemical diffused across the membrane at the tip of the hair and down the shaft of the hair. Thus if diffusion is an important factor in chemoreception, the addition of sugar to a salt solution could, as we have shown above, make a very large difference in the ability of a salt to act on a receptor. Further data are needed to assess the proper relation of thermodynamic activity and the diffusivity of the salt with its stimulating strength, but the calculations above show changes in the properties of the salt which could account, in part at least, for the change in activity reported by Hodgson (1957) .
The third effect of the sugar on salt, that of the interaction of the two at the salt receptor site, is more speculative but quite possible. In this case the NaCl would be less stimulating because many of the receptor sites would be inactivated by the loosely bonded sugar molecules or sterically blocked by the large sugar molecules held at some other site on the receptor molecule.
The reverse of this effect when a metal ion blocks a possible receptor site for sugar is known in one particular instance (Myrb~tck, 1955) . The functioning of yeast sucrose depends upon the presence in the enzyme molecule of one or more carboxyl groups in an unchanged, uncomplexed form. It is not certain that these carboxyl groups are directly involved in the interaction of the enzyme and the sugar. These carboxyl groups can be reversibly complexed by metal ions thus inactivating the enzyme.
The importance of this interaction of the sugar and salt at the receptor site relative to the importance of the changes in the activity and diffusion coefficients mentioned above cannot be stated with the information now available. With the aid of metabolic and other types of poisons a better knowledge of the important parameters of stimulating solutions may be obtained. This will decide whether or not there is necessarily any neural interaction between the L and S fibers, or whether all apparent interaction is due to the properties of the stimulating solution.
The normal electrical responses of the intact chemosensory hairs have been described above. If the hair is now cut somewhere near the middle, an electrode in contact with the cut end will record both a resting potential and spike activity. The resting potential is unchanged by even so much as a millivolt from that recorded in the normal hair. Although both the L and S spikes can still be evoked by chemical stimulation for at least 10 minutes after the cutting, they soon show signs of injury, such as a lowered sensitivity to chemical stimulation. The resting potential usually remains constant and steady, in spite of any changes in the chemosensory neurons.
The positive initial component of both the L and S spikes is consistent with the conception that the distal processes of both these cells act as somewhat poorly insulated extensions of the recording pipette into the interior of the cell. The M spikes would be recorded by electrotonic spread up through the contents of the hair which would be analogous to an external electrode opposite a part of the cell membrane that is not involved in the propagated impulse. This would explain the longer time course of the M spike as compared with the L and S spikes. The conception that the L and S spikes are recorded intracellularly is further supported by the results of the polarization experiments. In these experiments anodal polarization produced stimulation, cathodal stimulation produced depression just as MacNichol Wagner, and Hartline (1953) had seen with intracellular electrodes in the Limulus eye. Fig. 4 shows a typical series of polarizing currents. Moderate values of cathodal stimulus are sufficient to inhibit any spike impulses during polarization, but after the current is stopped a period of heightened activity is always seen. Conversely, anodal polarization produces a great increase in activity. It is followed by a period of depression. At high anodal polarizations the neurons seem to block--that is, the base line is quite noisy, but only a few
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separate spikes are seen. This could be because the neurons are so depolarized that they cannot sufficiently recover to generate impulses. During and after the polarizing current the resting potential may be changed, but its change cannot be correlated with the change in spike activity. The resting potential changes usually lag behind the spike activity changes--that is, the resting potential does not rise as rapidly as the rate of spike activity in response to anodal stimulation or fall to zero as the spike activity falls to zero during cathodal stimulation. The recovery of the resting potential after polarization is quite variable, but some rough relations can be seen between the length of time the polarizing current is on and the time taken for its recovery. The return of the spike activity to its initial rate is more or less independent of the length of time polarizing current is on if this time is more than 1 second. Also, the resting potential shows no rebound phenomena, rather the opposite. It seems not to return to its former value but remains a little above or below, depending upon the direction in which the polarizing current has displaced it. The spike activity does, however, seem to return to its initial level of activity after a short period of overshoot following the polarization.
No really quantitative measures of the spike activity response to polarization have been made because of the difficulty in distinguishing the different spike types during anodal stimulation. The spikes are much smaller and less distinct the larger the anodal currents become.
We are now faced with two questions: where does the positive resting potential come from; and why is cathodal polarization an acceptable stimulus for the fly. The observations on the latencies of first impulse in response to chemical stimulation suggest that in the normal, unstimulated state the neurons are quiescent and not spontaneously active. Cathodal polarization seems to simulate this unstimulated condition, yet the fly acts as if a strongly acceptable stimulus were being applied.
Let us consider first the origin of the positive resting potential which appears to have no consistent relation to the spike activity. If we assume that the resting potential is not generated by the neurons that we are recording from, then we can also understand its apparent lack of relation to the spike activity. The resting potential could be generated by some membrane which is between the two electrodes no matter where we have placed the indifferent electrode.
There is some anatomical evidence that such a membrane exists. This is the hypodermal basement membrane which is continuous with the basement membrane of the lemnoblast or neurilemma surrounding the axons as they leave the cluster of cells under each hair. This membrane is quite close to the integument and would be between the two electrodes under all recording conditions that are described above, as illustrated in Fig. 1 . That a potential of 60 my. should exist across this membrane with the polarity that we observe is also quite possible.
Insect neurilemma has already been shown by Hoyle (1952) to be quite resistant to the passage of ions through it. The body fluids of the insects also may have a very high concentration of K +. In fact, this concentration is so high that Hoyle has postulated that the impermeability of the neurilemma is to protect the nerve from the high concentration. There is a small amount of fluid with a low K + concentration between the neurilemma and the nerve. This allows the nerve to function in its normal manner. With high K + concentration on the outside and low K + concentration on the inside, the membrane would have the polarity and the magnitude that we see. The basement membrane can be thought of as a nerve membrane turned around, at least as far as the resting potential is concerned.
The mechanism whereby the basement membrane generates this potential is unknown. The thick cuticular-like structure (Edwards et al., 1958) of this membrane should make it impermeable to large molecules. This would allow some type of a Donnan potential to be established. Since the membrane does not seem to have any direct access to the metabolic energy of the cells which secreted it, the existence of any active transport system which would establish an ion imbalance and hence a potential difference across the membrane is unlikely. Neither the composition of the blood nor the structure of the membrane is known in enough detail to decide what kind of a mechanism is indeed responsible for the potential which exists across this basement membrane.
It might be asked why we do not see the resting potential of the nerve cell superimposed on this resting potential and thus get a difference between the situation in which the cells are normal and in which they are dead or dying and have little or no potentials of their own. This may be due to the attenuation that we would expect of any such potential under our recording conditions. If a 90 mv. spike potential is attenuated to 0.3 my., a reduction of 300 times, then the 55 my. membrane potential of the cell would be 0.18 inv., a value that would be unnoticed in the 60 my. potential that is already there due to the basement membrane.
In answering the question concerning the origin of the positive resting potential, we have also provided a solution to the question of why cathodal current caused behavioral responses identical with those caused by acceptable sugar solutions. In Fig. 1 the supposed current flow due to a voltage between electrodes 1 and 3 is represented by the dashed lines. For the neurons at the base of the hair that electrode 1 is on, the polarizing conditions approximate those of an intracellular electrode; anodal current stimulates, cathodal current depresses. The basement membrane acts as a diffusion barrier to the ions and serves to spread the current flow out around the neighboring hairs.
In producing behavioral responses Arab (1958) used currents that were about a hundred to a thousand times as large as the ones we have just described. He interpreted these responses as due to the neurons associated with the hair his electrode was on. If the behavioral responses are due to the action of the current on the neurons at the bases of the hairs surrounding the one that the electrode is on, then Arab's results may be more easily understood. In this case the polarizing current is extracellular, and we would expect this situation to be analogous to the whole eye polarization preparation in Limulus. There, cathodal stimulation was excitatory, and anodal stimulation the reverse.
This interpretation can be tested by applying polarizing currents within the range used by Arab (1958) to hairs adjacent to the one being recorded from. Here the current was applied between electrodes 1 and 3 in Fig. 1 and the recording was made between electrodes 2 and 3. The results are shown in Fig. 5 . Cathodal stimulation is excitatory, anodal is depressing. The responses of the neurons to these currents are identical with those observed in polarization of the same hair that is being recorded from, except that the signs are reversed and the polarizing currents are about a hundred to a thousand times larger than those described earlier. The excitatory current--in this case cathodal--is followed by depression; and the inhibitory current is followed by an excitatory rebound.
No behavioral response to anodal polarization would be observed in an experiment such as Arab's (1958) because the currents are so high as to block any response from the neurons of the single hair which is stimulated The neighboring hairs in this case are being stimulated cathodally by the spreading current and do not give any spike responses. Strong anodal stimulation thus gives no spike responses and hence no behavioral response. The postinhibitory rebound phenomena can also be observed in behavioral experiments. At the break of anodal stimulation the fly will give a positive feeding response which ceases upon the reapplication of current, exactly as does the post-anodal excitation of the neurons in the neighboring hairs when the anodal current is turned on again.
Some other findings of Arab (1958) are also compatible with our picture of the current flow. Chemical stimulation can add to electrical stimulation because there is a lag between the application of the chemical stimulation and the beginning of the polarization. During this lag the response to the chemical stimulation is being sent back into the central nervous system of the fly. This neural response stops when the current is turned on, regardless of polarity, and then the fly has the responses of the neurons from hairs adjacent to the one stimulated chemically. The addition of these two stimulations would thus be central and not peripheral. Naturally Arab (1958) found that he could reverse the behavioral response to any unacceptable chemical stim- 
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ulus by electrical stimulus, for his unacceptable chemical was applied to only one hair, but his acceptable electrical stimulus was applied to a large population of hairs.
The presence of a relatively impermeable membrane surrounding the chemoreceptor neurons would insulate them somewhat from the body fluids and might explain the lack of a large rapid change in peripheral taste thresholds when the blood sugar level of the fly is elevated rapidly by injection of sugar into the abdomen as was observed by Evans and Dethier (1957) .
We would expect that stimulation by very small currents would have the opposite effect of the large currents that Arab (1958) used. That is, anodal stimulation would give positive behavioral responses, cathodal, negative behavioral responses. This is a series of experiments that we plan to try in the future.
So far our picture of the origin of the various potentials we have seen when recording from a chemosensory hair is consistent with the behavioral and electrophysiological data that we have on hand. It is only a rough model, and we look forward to revising it as more data become available.
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